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ABSTRACT 

Coal py ro lys i s  experiments were c a r r i e d  out  wi th  a New Mexico 
subbituminous c o a l  i n  the  presence of nonreac t ive  H e ,  N2, and A r  gases  
i n  an en t r a ined  downflow tubu la r  reactor. The percent  carbon conver- 
s ions  t o  CH4, C2H4, BTX, CO and Cog were determined as a f u n c t i o n  of 
temperature and r e s idence  time a t  50 p s i .  I n  helium atmosphere, t he  
y i e l d s  of methane and COX reached asymptotic va lues  i n  about 1 s e c  and 
e thylene  was produced thourghout the  l eng th  of t h e  BNL r e a c t o r  corre- 
sponding t o  a c o a l  p a r t i c l e  res idence  t i m e  of 1.7 sec. The r e l a t i v e  
y i e lds  of i nd iv idua l  products  were inf luenced  by t h e  py ro lys i s  atmo- 
sphere but  t he  t o t a l  carbon conversion remained almost unaf fec ted .  A 
reduct ion  i n  the  c a t i o n i c  conten t  of c o a l  by a c i d  t rea tment  enhanced 
the  production of CO and C02 but i nh ib i t ed  the  format ion  of e thy lene .  

INTRODUCTION 

D e v o l a t i l i z a t i o n  p lays  an important r o l e  in t h e  convers ion  of c o a l  
t o  gases and l i q u i d s .  It is gene ra l ly  agreed t h a t  combustion and gas i -  
f i c a t i o n  of coa l  is preceded by the  release of v o l a t i l e  ma t t e r  from the  
coa l  p a r t i c l e .  Under rap id  hea t ing  cond i t ions  (> lo4  OK/sec), v o l a t i l e  
y i e lds  i n  excess  of those  from proximate a n a l y s i s  (<LO2 OK/sec) have 
been obtained (Budzioch, 1970). Other r e a c t i o n  parameters which a f f e c t  
the  v o l a t i l e  y i e l d s  dur ing  py ro lys i s  of coa l  are: r e a c t i o n  tempera- 
t u r e ,  p a r t i c l e  r e s idence  time, and gas  pressure .  In add i t ion ,  t he  
py ro lys i s  product composition a l s o  depends on the  na tu re  of t he  en- 
t r a i n i n g  gas  medium. 

Previous r e sea rch  a t  Brookhaven mainly focused on t h e  y i e l d s ,  
d i s t r i b u t i o n ,  and k i n e t i c s  of formation of products in r e a c t i v e  hydro- 
gen and methane atmospheres (Sundaram, 1982; S te inbe rg ,  1982; Sundaram, 
1984). An i n v e s t i g a t i o n  was, t h e r e f o r e ,  i n i t i t a t e d  wi th  s p e c i a l  empha- 
sis on determina t ion  of f l a s h  p y r o l y t i c  behavior of c o a l  i n  nonreac t ive  
gases and t h e i r  mix tures .  This paper is s p e c i f i c a l l y  concerned wi th  
the  e f f e c t  of gaseous atmosphere on t h e  py ro lys i s  product y i e l d s .  
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EXPERIMENTAL 

Figure  1 presen t s  t h e  schematics of the  en t r a ined  downflow iso- 
thermal tubu la r  r e a c t o r .  A d e t a i l e d  d e s c r i p t i o n  of t he  des ign ,  con- 
s t r u c t i o n ,  and o p e r a t i o n  of the  r e a c t o r  is  a v a i l a b l e  (Sundaram, 1982). 
The r e a c t o r  is hea ted  e l e c t r i c a l l y  by f o u r  clamshell-type hea te r s  and 
designed f o r  o p e r a t i o n  a t  temperatures up t o  1050OC and pressures  up 
t o  4000 ps ig .  P a r t i c l e  heatup rates in t he  range lo4 t o  lo5 O K / s e c  
a r e  a t t a i n a b l e  in t h i s  r e a c t o r .  Other carbonaceous m a t e r i a l s  such as 
biomass and o i l  s h a l e  have a l s o  been success fu l ly  run in t h e  u n i t .  

Coal (5150 Um i n  d iameter )  is mixed with 10 t o  30% by weight of 
Cab-0-Sil, an i n e r t  fumed s i l ica  powder, t o  prevent agglomeration, and 
is fed  by g r a v i t y  i n t o  t h e  preheated gas  stream a t  an average flow 
r a t e  of about 400 t o  600 g /hr .  The preheated gas  is i n j e c t e d  a t  a n  
average volumetr ic  flow r a t e  of about 40 t o  45 l /min. A t  t he  beginn- 
ing of t h e  run ,  the c o a l  and gas  flow r a t e s  are so ad jus t ed  t h a t  a 
cons tan t  so l id- to-gas  f eed  r a t i o  of 0.15 t o  0.25 g c o a l / l  gas is main- 
tained in order  t o  b e  a b l e  t o  cont inue  a d i l u t e  phase opera t ion .  The 
res idence  t i m e  of t h e  c o a l  p a r t i c l e s  is determined from t h e  f r e e - f a l l  
v e l o c i t y  of t h e  s o l i d  p a r t i c l e s  us ing  Stoke ' s  l a w  and from t h e  veloc- 
i t y  of t he  e n t r a i n i n g  gas  molecules. 

The proximate and u l t i m a t e  ana lyses  of c o a l  used in t h e  s tudy  a r e  
shown i n  Table 1. The acid-washed New Mexico subbituminous coa l  was 
prepared by t r e a t i n g  the  o r i g i n a l  coa l  wi th  l a r g e  excess of 1 N HC1 a t  
room temperature followed by washing with de ionized  water u n t i l  t h e  
f i l t r a t e  was f r e e  o f  c h l o r i d e  ions. A l l  c o a l  samples were d r i ed  in a 
vacuum oven f o r  a t  l e a s t  24 hours before  feeding  i n t o  the  r eac to r .  
The gases used were of 99% o r  h igher  p u r i t y .  The dens i ty ,  h e a t  capac- 
i t y ,  and thermal c o n d u c t i v i t y  d a t a  f o r  experimental  gases are l i s t e d  
i n  Table 2. 50-50 g a s  mixtures  of helium and argon were prepared from 
pure gases  on a volume percent  b a s i s .  

The p r i n c i p a l  p y r o l y s i s  products were methane, e thy lene ,  BTX, CO,  
and CO2. Product gas  samples, corresponding t o  coa l  p a r t i c l e  resi- 
dence times v a r i a b l e  up t o  2 sec ,  are taken  from any of t h e  four  sam- 
p l e  t a p s  loca ted  a t  2 - f t  i n t e r v a l s  throughout t h e  length  of t he  reac- 
t o r  and analyzed v i a  on- l ine  GC. Products heavier  than BTX a r e  formed 
only a t  low tempera tures  (<8OO0C) and c o l l e c t e d  in water-cooled con- 
densers during i so the rma l  runs and analyzed sepa ra t e ly .  Char contain- 
ing c o a l  ash ,  Cab-0-Sil, and unreacted carbonaceous ma te r i a l  is col- 
lec ted  in a char p o t .  The y i e l d s  of i nd iv idua l  carbon-containing pro- 
ducts a r e  r epor t ed  as pe rcen t  of carbon contained i n  the  feed coa l .  

RESULTS AND DISCUSSION 

The product d i s t i b u t i o n s  from pyro lys i s  of c o a l  in nonreac t ive  
gaseous atmospheres of helium, n i t rogen ,  and argon were obtained as a 
func t ion  of tempera ture ,  res idence  t i m e ,  and p res su re  (S te inberg ,  
1983). A s p e c i f i c  purpose of t h i s  work was t o  f ind  whether t h e  hea t  
t r a n s f e r  c h a r a c t e r i s t i c s  of these  gases  had any in f luence  on t h e  pyro- 
l y t i c  product d i s t i b u t i o n  and i f  so, t o  what ex ten t .  
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The y i e l d  ve r sus  coa l  p a r t i c l e  r e s idence  t i m e  curves  f o r  Various 
products ob ta ined  from t h e  f l a s h  py ro lys i s  of New Mexico subbituminous 
coa l  in helium are shown i n  F igure  2 f o r  d i f f e r e n t  i so thermal  tempera- 
t u r e s ,  from 7000 t o  1OOOOC. Although t h e  t o t a l  carbon conversion t o  
hydrocarbon gases ,  BTX, and COX tends  t o  inc rease  wi th  c o a l  p a r t i c l e  
res idence  t i m e ,  one may no te  t h a t  most of t h e  conversion occurs  w i t h i n  
1 sec, and f u r t h e r  i nc rease  in r e s idence  t i m e  does not cause  s i g n i f i -  
can t  i nc rease  in t o t a l  carbon conversion. For in s t ance ,  a t  8OO0C, a 
carbon conversion equ iva len t  t o  10% is achieved a t  1 s e c  and increas-  
ing  the  res idence  t i m e  by 0.6 sec inc reases  t h e  t o t a l  carbon conver- 
sion by only 1.6%. 

This  is expected because the  hydrogen requi red  f o r  s t a b i l i z a t i o n  
of f r e e  r a d i c a l s  generated from coa l  and from pyro lys i s  tar  is "do- 
nated" by c o a l  i t s e l f ,  and the  amount of "donatable" hydrogen, present  
mostly in t he  hydroaromatic r i n g s  in coa l ,  is a f ixed  quan t i ty .  The 
ex ten t  of c racking  of hydroaromatic r i n g s  t o  release hydrogen is prob- 
ably not in f luenced  by coa l  p a r t i c l e  res idence  t i m e  a lone .  The hydro- 
aromatic r i n g s  a r e  connected t o  o t h e r  u n i t s  and func t iona l  groups in 
coal  by chemical bonds of d i f f e r e n t  s t r eng ths .  A s  t h e  temperature is 
increased ,  bonds with h igher  d i s s o c i a t i o n  energy are thermal ly  broken 
and a d d i t i o n a l  hydrogen can be r e l eased  from t h e  hydroaromatic po r t ion  
of coa l .  I n i t i a l  a c c e l e r a t i o n  in t he  r eac t ion  rate, e s p e c i a l l y  dur ing  
the  e a r l y  s t a g e s  of py ro lys i s ,  has been a t t r i b u t e d  t o  t h e  occurrence  
of simultaneous r e a c t i o n s  and/or t o  the  r e s i s t a n c e  of i n t r a p a r t i c l e  
mass t r a n s f e r  (Kobayashi, 1977). 

The product curves  show t h a t  u l t ima te  asymptotic y i e l d s  have been 
obtained f o r  methane and COX wi th in  t h e  r e s idence  t i m e  employed. The 
production c h a r a c t e r i s t i c  of e thylene  appears t o  be cons iderably  d i f -  
f e r e n t  from t h a t  of methane and COX. Polymethylene moie t i e s  p re sen t  
in coal  are considered t o  be main p recu r so r s  f o r  e thylene  product ion  
(Calkins,  1983). A t  low temperatures,  e thylene  is produced only a t  
long res idence  times. (S imi l a r  behavior is not iced  in COX produc- 
t i o n . )  A t  h igher  temperatures,  e thylene  is cont inous ly  produced 
throughout t he  l eng th  of t h e  r eac to r  and no maximum in i t s  y i e l d  is 
v i s i b l e  from the  curves .  Ex t r apo la t ion  of t h e  900OC curve  i n d i c a t e s  a 
maximum of about 5.8% a t  about 2-sec c o a l  p a r t i c l e  res idence  t i m e .  A t  
temperatures above 9OO0C, e thylene  undergoes decomposition as can be 
c l e a r l y  seen in Figure  3 in which t h e  product y i e l d s  are p l o t t e d  a s  a 
func t ion  of temperature f o r  var ious  res idence  times. Because of l a c k  
of hydrogen, only p a r t  of t he  decomposed e thylene  r e s u l t s  in the  for -  
mation of methane. It is seen  from t h i s  F igure  t h a t  a t  1.5 sec e thy l -  
ene y i e l d  decreases  from 4.9% at  9OOOC t o  2.3% a t  1000°C ( a  r educ t ion  
of 2.6% in abso lu te  y i e l d ) ,  whereas methane y i e l d  inc reases  from 3.4% 
a t  9OOOC t o  5.0% a t  1000°C (1.6% inc rease  i n  abso lu te  y i e l d ) .  The in- 
c rease  in t h e  BTX y i e l d  from 1.5% a t  900°C t o  2.2% a t  1000°C (Table 3) 
might be a t t r i b u t e d  t o  the  secondary r eac t ions  of e thylene  unaccounted 
f o r  as above. 

It appears t h a t  c racking  of polymethylene groups is ca ta lyzed  by 
in s i t u  minera l  matter i n  coa l .  When an ac id - t r ea t ed  New Mexico sub- 
bituminous c o a l  con ta in ing  6.2% ash  was  pyrolyzed, e thy lene  y i e l d s  
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were 25 t o  30% lower than  those  from o r i g i n a l  coa l  conta in ing  22.8% 
ash. An i nc rease  in t h e  temperature from 900° to  1000°C decreased t h e  
e thy lene  y i e l d s  by approximate ly  50% in both cases  (Table 3) .  The 
presence  of coa l  mine ra l  ma t t e r ,  however, seems t o  favor  the  format ion  
of methane and BTX a t  the expense of e thylene .  For example, in t h e  
case of un t rea ted  c o a l ,  t he  combined y i e l d s  of methane and BTX in- 
c rease  by 2.3% C a g a i n s t  a 2.6XC dec rease  in t he  y i e l d  of e thylene .  
On t h e  o the r  hand, in t h e  case  of ac id- t rea ted  coa l ,  e thy lene  formed 
at low temperature seems t o  undergo secondary thermal c racking  reac- 
t i o n s  a t  high tempera ture  r e s u l t i n g  in t he  formation of char.  

As can be see i n  Table 3, reduct ion  of c a t i o n i c  conten t  of c o a l  
by a c i d  t rea tment  i nc reased  t h e  y i e l d s  of CO and COP gases .  The de- 
c r e a s e  i n  e thylene  and BTX y i e l d s  were more than compensated by in- 
c r e a s e  in COX y i e l d  in t h a t  t h e  o v e r a l l  carbon conversion t o  hydrocar- 
bon gases p lus  BTX and COX a c t u a l l y  inc reased .  From s t u d i e s  based on 
model compounds (Cypres,  1975) and c o a l  (Schafer,  1979) ,  i t  is known 
t h a t  phenolic f u n c t i o n a l  groups in c o a l  a r e  mainly respons ib le  f o r  t h e  
production of CO. On t h i s  b a s i s ,  i t  is suggested t h a t  c o a l  mineral  
matter might c a t a l y z e  t h e  polymerization r e a c t i o n s  involv ing  phenolic 
groups o r  t h e i r  p recu r so r s  dur ing  e a r l y  s t a g e s  of d e v o l a t i l i z a t i o n ,  
thereby i n h i b i t i n g  t h e  evo lu t ion  of CO. In s i t u  mineral  ma t t e r  seems 
t o  ca t a lyze  t h e  d imer i za t ion  of so lven t  r a d i c a l s  under coa l  l iquefac-  
t i o n  cond i t ions  (Sundaram, 1983-1); cau t ion  should,  however, be exer- 
c i sed  in extending  t h e s e  r e s u l t s  t o  c o a l  py ro lys i s  because of d r a s t i c  
changes in r e a c t i o n  s e v e r i t y .  

In a d d i t i o n ,  i t  is a l s o  poss ib l e  t h a t  t h e  ac id  treatment could 
have caused changes in pore s t r u c t u r e  and/or chemical s t r u c t u r e  of 
coa l ,  which may have inf luenced  the  py ro lys i s  behavior.  A more thor- 
ough and sys t ema t i c  s tudy  is requi red  before  a n  acceptab le  mechanism 
can be advanced. 

In any case, the  pre l iminary  r e s u l t s  from the  p re sen t  s tudy  are 
d i f f e r e n t  from r e c e n t  f i n d i n g s  by F rank l in  of MIT (Frankl in ,  1981) who 
pyrolyzed c o a l  v i a  an  ex tens ive ly  used c a p t i v e  sample technique wi th  
repor ted  hea t ing  r a t e s  of about 1000°K/sec and holding times up t o  5 
sec. In t h e  la ter  s tudy ,  an acid-demineralized P i t t sbu rgh  No. 8 c o a l  
was spiked wi th  va r ious  ino rgan ic  a d d i t i v e s  such as calcite, qua r t z ,  
k a o l i n i t e ,  mon tmor i l l i n i t e ,  etc. ,  and calcium minera ls  were found t o  
be p a r t i c u l a r l y  e f f e c t i v e  in cracking  oxygen func t iona l  groups t o  pro- 
duce CO. It is not  clear whether t h e  d i f f e rences  between the  two 
s tud ie s  are due t o  t h e i r  exper imenta l  techniques (BNL: en t r a ined  
flow, s h o r t  r e s idence  time, high hea t ing  r a t e ;  MIT: cap t ive  sample, 
long hold ing  t i m e ,  slow hea t ing  r a t e )  o r  to  coa l  rank  (BNL: subbitu- 
minous coa l ;  MIT: bituminous c o a l ) .  We in t end  t o  pursue t h i s  sub jec t  
matter in more d e t a i l  in t h e  f u t u r e .  

The r e s u l t s  of py ro lys i s  experiments in o the r  nonreac t ive  gases 
a r e  shown in Figure  4. The t o t a l  conversion inc ludes  t h e  y i e lds  of 
methane, e thy lene ,  BTX, and COX. Because o f  a n a l y t i c a l  l i m i t a t i o n s  in 
measuring CO in t h e  presence of n i t rogen  o r  argon, CO y i e l d  da ta  from 
helium p y r o l y s i s  experiments were used t o  determine t o t a l  conversion 
under n i t r o g e n  and argon atmospheres. Examination of F igure  4 wi th  
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t h i s  assumption sugges t s  t h a t  the  t o t a l  carbon conversion i s  almost 
unaf fec ted  by py ro lys i s  atmosphere under the  cond i t ions  r epor t ed .  An 
inc rease  i n  t o t a l  conversion i n  the  o rde r  of He>Np>Ar was repor ted  
earlier (Sundaram, 1983-2). I n  t h a t  s tudy ,  c o a l  w a s  pyrolyzed a t  a 
h igher  p re s su re  (200 p s i )  and the  r e s u l t s  ob ta ined  from experiments 
employing somewhat nonuniform res idence  t i m e  cond i t ions  (3 .5  t o  4.7 
sec )  were compared, whereas i n  t h i s  paper r e s u l t s  from more uniform, 
narrow range r e s idence  t i m e  (1.5 t o  1.7 sec )  experiments are compared. 
Py ro lys i s  experiments under o the r  cond i t ions  are i n  p rogres s ,  and t h e  
r e s u l t s  w i l l  be published i n  a f u t u r e  r epor t .  

Even though the  t o t a l  carbon conversion remained almost unaffect-  
ed by py ro lys i s  atmosphere, t h e  r e l a t i v e  y i e l d s  of p y r o l y s i s  products 
seem t o  be a l t e r e d  by d i f f e r e n t  nonreac t ive  gases .  A c lear -cu t  t rend  
i n  product y i e l d s ,  however, is not revealed i n  F igure  4.  Neverthe- 
l e s s ,  some gene ra l i za t ions  on product y i e l d s  could be made. Conver- 
sion t o  methane followed t h e  inc reas ing  o rde r  of He>SO%He/SO%Ar>N2>Ar. 
The y i e l d  of e thy lene  was lower i n  helium atmosphere than i n  N 2  o r  A r  
and the  e thylene  y i e l d  maximized a t  900°C i n  a l l  gaseous atmospheres. 
A s l i g h t l y  l a r g e r  amount of BTX w a s  produced i n  A r  and H e / A r  than i n  
He o r  N2 up t o  900°C; a t  1000°C, the  BTX y i e l d  i s  almost t h e  same in  
a l l  gaseous atmospheres. 

The gas-fi lm hea t  t r a n s f e r  c o e f f i c i e n t  and hence the  heat-up rate 
of t he  c o a l  p a r t i c l e s  were found to  fo l low the  o rde r  He>Nq>Ar. I t  
appears t h a t  the  magnitude of d i f f e r e n c e  i n  t h e  p a r t i c l e  heat-up rate 
i s  not l a r g e  enough t o  s i g n i f i c a n t l y  a f f e c t  t h e  t o t a l  v o l a t i l e s  y i e l d  
under the  cond i t ions  repor ted  he re in .  The e f f e c t  of nonreac t ive  gases 
on the  phys ica l  and chemical c h a r a c t e r i s t i c s  of t he  r e s u l t i n g  cha r  is 
not  known a t  p resen t .  In  one i n v e s t i g a t i o n ,  t h e  su r face  area of pyro- 
l y s i s  char was found t o  be a f f e c t e d  by t h e  py ro lys i s  atmosphere and it 
was repor ted  t o  fo l low the  o rde r ,  He>Ar>N2 though f o r  unexplained rea- 
sons (Thakur, 1982). 

CONCLUSIONS 

When a New Mexico subbituminous c o a l  w a s  pyrolyzed i n  d i f f e r e n t  
nonreac t ive  gases ,  t h e  relative y i e l d s  of v o l a t i l e  products  were a l -  
t e r ed  but  t h e  t o t a l  carbon convers ion  remained almost unaf fec ted .  
Acid t rea tment  o f  t h e  c o a l  enhanced the  production of COX gases  but 
i nh ib i t ed  the  formation of e thylene .  This sugges ts  t h a t  t h e  i n  s i t u  
mineral  matter might ca t a lyze  polymerization r e a c t i o n s  involv ing  oxy- 
gen f u n c t i o n a l i t i e s  i n  coa l .  
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TABLE 1. ANALYTICAL DATA FOR NEW MEXICO SUB-BITUMINOUS COAL 

Ultimate Analysis (wt % dry) Ultimate Analysis (dry) 

Carbon : 55.9 Volatile Matter : 34.9 
Hydrogen : 4.3 Fixed Carbon : 42.4 
Nitrogen : 1.1 Ash : 22.8 
Sulfur : 1.0 
Oxygen (by diff.) : 14.9 

TABLE 2. PHYSICAL PROPERTIES OF GASES AT 9OOOC AND ATM. PRESSURE 

Helium Nitrogen Argon 

P8 (gm/cc) 2.80 10-3 1.96 x 2.81 x 

IJg (CPS) 5.78 x 5.56 x 7.29 x 

Kg (Cal/cmZ0K sec) 9.78 10-4 1.68 10-4 1.13 10-4 

Cp (Cal/Mole OK) 7.57 4.97 4.97 

TABLE 3. FLASH PYROLYSIS OF NEW MEXICO SUB-BITUMINOUS COAL IN HELIUM 
ATMOSPHERE AT 50 PSI TOTAL PRESSURE 

Particle Residence Time : 1.3 - 1.5 sec. 
Percent Carbon Conversion to Designated Products 

Untreated Coal* Acid-Washed Coal** ' 

Run No. 756 754 770 770 

Temperature, OC 900 1000 900 1000 

Product Yields: 

cR4 
C2H4 

BTX 

co 

co2 

3.4 5.0 3.7 3.8 

4.9 2.3 3.4 1.7 

1.5 2.2 2.4 1.9 

2.7 5.6 5.8 8.1 

1.1 1.8 2 .o 2.5 

Total 13.6 16.9 17.3 18.0 

* Ash Content: 22.8% 
** Ash Content: 6.2% 
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